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Introduction
Earth system models predict that global warming will result in significant declines in net primary 33 production by marine phytoplankton throughout the 21 st century (up to 20%) 1,2 driven by rising 34 temperatures exceeding limits of thermal tolerance and increases in grazing and nutrient 35 limitation in warmer, more stratified oceans 3-5 . Current models however, do not consider the 36 potential marine phytoplankton to rapidly adapt to environmental changes associated with global 37 warming 6-8 . Such shortcomings have unknown consequences for projected changes global ocean 38 primary production and arise because the mechanisms that facilitate or constrain the capacity for 39 rapid adaptation to warming in marine phytoplankton are entirely unknown. 40 Here, we address this fundamental knowledge-gap by carrying out a 300-generation 41 selection experiment, with the model marine diatom, Thalassiosira pseudonana, to assess the 42 potential for, and mechanisms that might facilitate rapid adaptation to warming in this globally 43 important phytoplankton [9] [10] [11] . A key hypothesis we test is that rapidly fluctuating temperatures - 44 an intrinsic feature of natural environments -will play a key role adaptation [12] [13] [14] . Temporary 45 exposure to a benign environment resulting from temperature fluctuations could both accelerate 46 adaptation to severe conditions by increasing population size (a positive demographic effect) or 47 constrain adaptation, by relaxing selection for beneficial mutations that promote persistence in Trajectories of population growth rate (µ, d -1 ) over the course of the selection experiment 62 differed substantially between the selection regimes ( Fig. 1 ; Table S1-Table S3 ). In the control 63 lineages, growth rates increased gradually, presumably reflecting continual laboratory 64 adaptation. However, trajectories of growth rate in the warming treatments were markedly 65 different from the control and one another. Lineages selected under severe warming (32ºC) 66 exhibited a characteristic pattern of 'evolutionary rescue' [14] [15] [16] [17] . After an initial increase in the first 67 3 weeks of the experiment, growth rates declined in the 32ºC environment and remained very 68 low (0.24 ± 0.09) for more than one year (~ 100 generations). After approximately 100 69 generations, growth rates increased and were statistically indistinguishable from those in the 70 control environment after 300 generations (0.63 ± 0.05 at 32ºC, 0.77± 0.11 at 22ºC). Under 71 moderate warming (26ºC), and in the regime that fluctuated between 22 and 32ºC growth rate 72 showed an immediate and sustained increase (2.1 and 1.9-fold faster than the ancestor 73 respectively). These results yield a number of important insights that are pertinent for 74 understanding the evolutionary dynamics of T. pseudonana in response to warming. First, 75 adaptation to severe warming was slow, with evolutionary rescue taking over 1 year to restore 76 growth rates to levels comparable with the ancestor. Second, in the fluctuating environment 77 where populations experienced short bursts of exposure to 32ºC followed by periods in the 78 benign (22ºC) environment, adaptation to the severe environment was rapid. Consistent with our 79 hypothesis, lineages selected under the fluctuating regime maintained substantially larger 80 population sizes relative to those experiencing severe warming ( Fig. S2 and Table S1, S3), 81 suggesting that temporary restoration of benign conditions increased the probability of fixing 82 beneficial mutations required for adaptation to the severe (32ºC) environment via a positive 83 demographic effect. 84 To assess whether adaptation to the various selection regimes changed the thermal 85 tolerance curves in the evolved lineages, we quantified growth rates across a temperature 86 gradient spanning 15ºC to 40ºC. Populations selected under the moderate (26ºC), severe (32ºC) 87 and fluctuating (22ºC/32ºC) warming treatments had higher optimal growth temperatures, T opt , 88 compared to the ancestor and the control ( Fig. 1B ; Table S1 ). In the fluctuating treatments, 89 growth rate at high temperatures was traded-off against slow growth at low temperature, 90 suggesting that the severe environment was the dominant driver of selection. Increased metabolic efficiency facilitates evolution of thermal tolerance 99 The fraction of photosynthesis that can be allocated to growth tends to decline with warming, 100 owing to the high temperature sensitivity of respiration relative to photosynthesis, suggesting 101 that the upper thermal tolerance of phytoplankton reflect metabolic constraints that limit the 102 efficiency of carbon allocation to growth at high temperature 18 . To investigate whether changes 103 in metabolic traits could help explain the thermal tolerance curve of the ancestor and Changes in subcellular resource allocation 140 So how were the lineages selected under the moderate and fluctuating warming regimes able to 141 achieve the shifts in metabolic efficiency that facilitated rapid adaptation to warming? Changes 142 in temperature are known to alter optimal subcellular allocation of resources to various 143 macromolecular classes through phenotypic plasticity (i.e. acclimation) [19] [20] [21] [22] [23] [24] . Indeed, algae 144 exposed to warming often increase their nitrogen-to-phosphorous ratios (N:P) by down-145 regulating the density of P-rich ribosomes, relative to N-rich proteins, owing to the increased 146 efficiency of protein synthesis by ribosomes at higher temperatures 21-24 . We quantified cellular 147 macromolecular composition in the ancestor and the evolved lineages to investigate the 148 biochemical basis for the adaptive shifts in growth and metabolic efficiency, and found marked 149 shifts in elemental composition, both among treatments and between the evolved and ancestral 150 lineages ( Fig. 3 ). Nutrient-use efficiency (expressed as growth rate per pg of nitrogen (N) or 151 phosphorous (P)), the chlorophyll-to-carbon ratio and the quantum efficiency of photosystem II 152 (Φ PSII ; the proportion of the total light absorbed by PSII that is used in photochemistry) were 153 highest in the fastest growing populations selected under moderate and fluctuating warming. We 154 also found a positive temperature response in the N:P and C:P ratios, that was consistent, both in 155 direction and magnitude, with the short-term acclimation responses characterised in the ancestor, 156 confirming hypotheses 21-23 that the direction of phenotypic plasticity (acclimation) and adaptive 157 shifts in macromolecular composition are convergent (see also Fig S4 and Fig S5, and Tables 158 S10-S11). Together these results suggest that the greater down-regulation of R(T c ) relative to 159 P(T c ), which enabled increased efficiency of C allocation to growth and facilitated rapid 160 adaptation to moderate and fluctuating warming, were in turn tightly coupled to major 161 adjustments in allocation to the key macromolecular classes that determine cellular composition. were also reflected by consistent patterns of molecular evolution, we resequenced the genomes 166 of the ancestor and the evolved populations to determine the identity and frequency of mutations.
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Using only non-synonymous single nucleotide polymorphisms (SNPs), we quantified the number 168 of sites that acquired mutations in each population relative to the ancestral reference sequence, 169 and from allele frequencies, the genetic distance of each population from the ancestor and the 170 genetic divergence among populations. Consistent with the fitness trajectories ( Fig. 1A ), all 171 evolved populations showed significant genetic divergence from the ancestor ( Fig. 4A ; Table   172 S12). The lineages selected under moderate and fluctuating warming had the greatest genetic 173 distance from the ancestor ( Fig. 4A ; Fig. S6 , Table S13 ). Furthermore, the populations that 174 experienced fluctuations between severe and benign conditions were significantly divergent from 175 those experiencing constant severe warming. These results are consistent with the demographic 176 data ( Fig. 1A; Fig S2) , indicating that the temporary restoration of benign conditions in the 177 fluctuating regime accelerated rates of molecular evolution, potentially supplying mutations that Table S12 , S13). These results suggest that the observed changes in metabolic traits and 182 elemental composition that were linked to the evolution of thermal tolerance could also have a 183 basis in some of the underlying genomic changes. To investigate this, we identified the top 20 184 SNPs most strongly associated with the first and second principal components. We then 185 identified the genes (see Table S14 ) and protein functions (when annotated in the reference Figure S3 ). (2) 486 where t is time, K is carrying capacity of the population (cell mL -1 ), r is the maximum growth 487 rate (d -1 ) and N t0 is the cell count at t 0 (cell mL -1 ). Technology Group). 500 µL of dilute sample (with a cell count of less than 1000 cells mL -1 ) 531 were added to 5 ml of fresh culture medium. Samples were then pre-incubated in the dark at the 532 assay temperature for 15 minutes in a water-bath, and another 10 minutes in the fluorometer to 533 make sure that samples were fully dark acclimated and all reaction centers closed. All 534 measurements were made at the selection temperature for the 22, 26, and 32ºC lineages, while 535 for the lineages in the fluctuating regime measurements were carried out at both 22 and 32ºC. 536 Photochemical traits were measured in response to rapid flashes at increasing light intensities 537 from 0 to1600 µmol m -2 s -1 . Flash frequency and rate followed standard protocols for 538 phytoplankton 35 , with 100 flashes of 1.1 µs at 1 µs intervals. Peak emission wavelengths of the 539 LEDs used for excitations were at 450 nm, 530 nm, and 624 nm. Φ PSII was particularly relevant 540 to our study as it is commonly used to describe the light responses of photosynthetic efficiency.
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Φ PSII values are used as an indication of the proportion of the total light absorbed that is used in 542 photochemical reactions in PSII (see also Table S10 and Figure S3 ). Additionally, we 543 determined rP, NPQ, and C (see Fig. 4B and SI Table 13 for PCA on phenotypic traits). These 544 describe the relative rate of photosynthesis in response to irradiance and are obtained as an 545 estimate of electron transport through PSII (rP), the cell's ability to maintain photochemical 546 function at high light intensities (NPQ, non photochemical quenching) and the proportion of PSII 547 reaction centers in a closed state (C). As measurements were carried out following a light 548 response curve, we were then able to measure these functions both at saturating light intensity 549 and at the light intensity that the samples were grown at in the incubators. 
if the C:N ratio is calculated in moles the assimilation ratio of CO 2 :O 2 will be n/n+2 (see 36 ). The 579 estimated M values are given in Table S1 and ranged from ~ 0.77 to ~ 0.79. Alongside the 580 biomass measurements for phytoplankton, we also periodically measured bacterial biomass (see 581 methods detailed above), which typically comprised <1% of algal biomass. Consequently, 582 bacterial respiration did not contribute significantly to metabolic rates, and when 2µm filtered 583 samples were run for metabolic rate measurements, the slopes were indistinguishable from water 584 blanks. with paired-end reads. Library preparation was carried out at the Exeter Sequencing Services 599 using Netflex. The resulting reads were assembled against the existing T. pseudonana genome 11 . 600 Quality control filtering of sequence data 601 We generated paired 125-bp reads from genomic DNA from 61 samples (plus three negative
